Development of axons and dendrites constitutes a critical event in neuronal maturation and seems to require signaling through the planar cell polarity (PCP) pathway.
Introduction
Neuronal morphogenesis in the central nervous system (CNS) involves active cytoskeletal rearrangements and membrane compartmentalization, which seem to require signaling through planar cell polarity (PCP) pathway. The PCP pathway is highly conserved in the animal kingdom from arthropods to vertebrates; in mammals, PCP governs developmental events including convergent extension during gastrulation, tissue closures, and hair orientation (1) . The three integral membrane proteins (Frizzled, Flamingo/Stan/Celsr, and Vangl/Strabismus) and three membrane-associated proteins (Dishevelled, Diego/Inversin and Prickle) constitute the core PCP components (1, 2) .
Other molecules, such as Fat and Dachsous cadherins, also play significant roles in PCP in parallel to the core pathway. Frizzleds, Celsrs, Dishevelled and Vangl contribute to neurogenesis (3, 4) , neuronal survival (5), axon guidance, target innervation and dendritic development (6) (7) (8) (9) (10) (11) . Atypical cadherin Fat3 is reportedly essential for correct dendritic configuration of a subset of retinal amacrine cells (12) . However, little is known about the role of Prickle proteins during CNS development.
In Drosophila, Prickle (Pk) coordinates hair orientation and ommatidia polarity (13) . The ommatidium orientation is coupled to photoreceptor R3 and R4 fate determination, which is controlled by PCP (14, 15) . Total four prickle homologues have been identified in mammalian genomes with Pk1 and Pk2 are more similar to one another than Pk3 and Pk4. Along the line with classic PCP function, Pk1 and Pk2 have been implicated in inner ear hair cell development (16, 17) and in establishment of cell polarity during early embryogenesis as well (18, 19) . Interestingly, mouse Pk1 and Pk2 are differentially regulated by NRL (20) , a transcription factor necessary for rod photoreceptor development (21) . The data bring out an interesting question of whether Prickle genes functioning in mammalian photoreceptor development as well, and an even bigger question of whether there is a PCP in mammals retina. In separate lines, a recessive missense mutation in the PET domain of human Pk1 gene is recently shown to be associated with progressive myoclonic epilepsy (PME) (22, 23) . Both Pk1 and Pk2 genes share three LIM (Lin 11, Isl-1 and Mec-3) and one PET domain (Prickle, Espinas and Testin) at the N-terminus of the protein, and a CAAX prenylation motif at the Cterminus, functions of which has not been addressed in a biochemical context. Mice with reduced gene dosage of either Pk1 or Pk2 are prone to drug induced seizures (23) .
Additionally, overexpression of Pk1 or Pk2 promotes neurite outgrowth in neuroblastoma cells (24) . These studies suggest that Prickle genes have broader roles in the central nervous system. Albeit all these findings, cell-type specific expression and function of Prickle genes as general PCP players has not be been fully addressed. Here, we have investigated the expression of Pk1 in mouse brain and retina and identified Pk1-expressing cells using a genetic approach. We have also explored Pk1 function in neuronal morphogenesis using cultured hippocampal neurons and by in vivo electroporation in the retina. We found that Pk1 is expressed in cortical subplate, an important site for early neuronal maturation. Our findings provide a framework for elucidating the broader function of Pk1 in the CNS and may assist in defining the mechanism of corresponding human disease(s). 
Results

Expression of Pk1 in the developing mouse brain and retina
We first investigated Pk1 expression in the CNS by in situ hybridization. Pk1 expression is first detected before gastrulation (19) and remained through all stages of development (25) . At E13.5, Pk1 is weakly expressed in developing neocortex without distinct pattern (Supplemental Fig. 1A ). At E15.5, Pk1 expression is largely in cortical intermediate and subventricular zones and lateral ganglion eminence (LGE) (supplemental Fig. 1E-G) . Intriguingly, Pk1 expression becomes more restricted to the subplate and early maturing cortical plate at E16.5 ( Fig. 1A-B) , and mostly free of ventricular, subventricular and intermediate zones ( (Fig.1A, a-c). Similarly, Pk1 transcripts are also detected in the subplate and cortical plate at E17.5, when majority of cortical neurons are undergoing maturation (Fig. 1B, a) . Pk1 is also expressed in other brain areas such as hippocampus (Fig. 1B, b) and non-neural tissues as well such as lens (Fig. 1B, left panel; Supplemental Fig. 1J ). Weak expression of Pk1 hippocampus anlage is detected from E13.5 (Supplemental Fig. 1A , domain between yellow lines), however, its discrete expression in hippocampus start to be seen at E17.5 since barely detectable ISH signal is found in the hippocampal area at during mid-and late-stage of cortical neurogenesis.
We extended our investigations to the retina, a well-defined model of neural development. Pk1 is only weakly expressed in early developing retina at E13.5 (Supplemental Fig. 1B ). A weak expression is then observed in the inner neuroblast layer (INBL) at E16.5 (Fig. 1C) . Pk1 expression is enhanced in P0 retina, primarily in the differentiating inner neuroblastic layer (INBL) (Fig. 1D) . As more retinal progenitors become postmitotic by P5, Pk1 is detected throughout the retina (Fig. 1E) . Patches of higher expression are visible in newly postmitotic cells that are being organized in the apical outer NBL (ONBL) (asterisks in Fig. 1E ). By P21, Pk1 is largely restricted to the inner nuclear layer (INL) (Fig. 1F) , with enhanced patchy staining along the inner portion of the INL, likely representing amacrine cells (AC) (Fig. 1F) . In addition to the ganglion cell layer (GCL) and INL, Pk1 is also weakly expressed in the outer nuclear layer (ONL) of photoreceptors (Fig. 1F) . We did not detect significant signals using Pk1 sense probe in different stages of retina and brain sections (Supplemental Fig. 1K -O, and data not shown). 7 cerebral cortex, hippocampus, thalamus, hypothalamus and cerebellum (Fig. 2D-L, supplemental Fig. 2 ). Notably, a small population of neurons in the CNS does not express Pk1 (cells above short lines in Fig. 2E , G and H, and data not shown). In hippocampus, Pk1 exhibits much lower expression in CA3 in contrast to CA1 and dentate gyrus (DG) (Fig. 2F, G, H) . In the cerebellum, Pk1 is expressed in NeuNnegative Purkinje cells, but not in NeuN-positive granular cells (Fig 2. I-J) . Pk1 is also present in glia throughout the brain (asterisks in Fig. 2E, G, I ), as clearly distinguishable in neuron-free areas such as corpus callosum (CC, Fig. 2D ) and white matter of the cerebellum (WM, Fig. 2J ). The Pk1 expression pattern revealed by the knock-in reporter is largely concordant with the data by in situ hybridization.
Characterization of Pk1-expressing cells in the adult brain
Over 75% of cortical neurons are pyramidal neurons, which spread to all layers except layer I. The others are inhibitory GABAergic interneurons, which are distributed sparsely among the pyramidal neurons and glial cells (26) . A majority of Pk1 expressing cortical neurons are typical pyramidal neurons, judging by their soma shapes (triangular shape, GFP stained soma in Fig. 2D ), distributions (mostly excluded from layer I, Fig. 2D ) and density (overlapping with most of the NeuN staining) (27) . The pyramidal expression of Pk1 (eYFP) could also be identified by MAP2 staining, which envelops the neuronal somata ( Fig. 3A-B , dashed circles) and dendrites. Pk1-expressing glial cells (eYFP) (Fig.   3A , asterisks) did not show somata MAP2 staining, and MAP2-negative neurons do not show Pk1 in any instance (Fig. 3B white short lines) . To further classify Pk1-expressing neurons, we investigated whether Pk1 was present in the inhibitory interneurons of the 8 cortex by examining several calcium binding proteins. We observed that neurons expressing parvalbumin (PV) (Fig. 3C) , calbindin (Fig. 3D) , calretinin ( Fig. 3E-F) and ChAT ( Fig. 3G ) largely excluded Pk1 expression. A few non-bipolar calretinin neurons co-localize with Pk1 in the cortex (Fig. 3E ) and other areas, such as superior collicullus (SC) (Fig. 3F) . Pk1 is completely absent in ChAT neurons in most brain areas (Fig. 3G) including the cortex (not shown), except for a subset of ChAT neurons in the ventral basal forebrain (VBF, Fig. 3H ) adjacent to the ventral striatum (VST, Fig. 3G ). Pk1 expression is therefore absent in most interneurons in the brain.
We next examined Pk1 expression in neural glia. The three major types of glia in the brain are microglia, oligodendrocytes, and astrocytes. eYFP expression is correlated with two populations of glia -CD11b-positive microglia (Fig. 4A) and CNPase-positive oligodendrocytes ( Fig. 4B-C) . Interestingly, eYFP expression is not detected in GFAPpositive astrocytes in any instance (Fig. 4D) . Therefore, Pk1 is expressed in two types of neuroglia that are known for their dynamic cytoskeletal and membrane modifications.
Pk1 expression in retinal neurons
To identify Pk1-expressing cells in the retina, we first confirmed that eYFP expression in the adult retina recapitulates the expression detected by ISH. Pk1 is weakly expressed throughout the ONL in a flat mount preparation (Fig. 5B , compare to the control in 5A).
Moderate eYFP signals can be readily detected in INL (Fig. 5C ) and GCL ( 
Rod photoreceptor defects by in vivo knockdown of Pk1 in mouse retina
As Pk1 expression is significantly reduced in the cone-only Nrl Quantification analysis corroborates the above observations (Fig. 7D, a and b) . The defects in axon terminals and IS and OS of photoreceptors become more pronounced at P21 (Fig. 7D, c) . However, the defective photoreceptors do possess cilia as marked by acetylated alpha tubulin (Fig. 7E) , indicating loss or shortening of inner/outer segments probably reflect both impaired photoreceptor biogenesis and maintenance.
Photoreceptors maintain their rod phenotype even after Pk1-knockdown, showing rhodopsin but not cone arrestin (CAR) expression (Fig. 7F, G) . Additionally, we did not observe altered protein trafficking at P21or P8 based on the localization of rhodopsin and rds proteins ( In accordance with its predicted role in neuronal morphogenesis, Pk1 knockdown by shRNA or deletion constructs compromised axon and dendrite extension in cultured hippocampal neurons. One interesting observation is that although the shRNAtransfected neurons are stubby and less extended in general, the dendritic branching index significantly increased (by calculation of 25um surrounding area from the soma).
In vivo evidence has shown that knocking out Fat3, a PCP component in Drosophila, causes ectopic dendrites growth (12) , which is consistent with shRNA knockdown in hippocampal neurons here. As Pk1 has several well-characterized protein domains and motif, we investigated if these domains are critical for Pk1 function in neurons by constructing and introducing domain/motif deletion constructs into cultured neurons.
Indeed, we observed similar dendritic branching phenotype as shRNA knockdown of Pk1, which strongly suggests these domain/motif-deleted proteins function in dominantnegative manner in competition with wild type of Pk1. However, further investigation need to corroborate the finding because of lacking a direct biochemical assay for Pk1 for the time being.
Although Pk1 has been shown to be regulated by NRL previously, knockdown of Pk1 in rod photoreceptors led to morphological defects in inner/outer segment and axonal terminals, but not the cell fate. The less-extended axon terminals and stubby inner segments in Pk1 knockdown photoreceptors may also reflect the same aspects of neuronal morphogenesis in hippocampal neurons. Growth of outer segments distal to the connecting cilia is a key step in photoreceptor differentiation and requires precise control of microtubule and actin filament dynamics at the ciliary stalk, where new outer segment morphogenesis takes place (33, 34) . A well-characterized PCP target is the cytoskeletal system. Since knockdown of Pk1 does not seem to disrupt the initiation of ciliogenesis, which highly relies on microtubule functioning, it is plausible that the actin assembling at the ciliary stalk is compromised, which in turn cause abnormal shape of the outer segment. The more pronounced reductions of axonal terminals at late stage of retinal development could imply tow functional aspects of Pk1: one is to promote axonal/dendritic extension at early stages, for instance, from P9~P14; and second is to maintain/stabilize the synaptic connections at later stages, for instance, from P14~P21.
The data further imply that Pk1 might not be important for synaptogenesis since synaptic connecting occurs actively before mouse eye open around P12-P14 (35). We did not observe significant rhodopsin trafficking and programmed cell death. One interpretation could be the general metabolic state of shRNA-transfected photoreceptor has been slowing down such that little rhodopsin is accumulated. Another possibility is that Pk1 might affect rhodopsin expression, as it is a potential target of NRL. NRL is a key transcription factor regulating the expression of a large cohort of genes required for terminal differentiation of rods including rhodopsin gene. Consistent with downregulation of Pk1 in NRL retina, NRL ChIP-Seq data identified two binding peaks within the first intron of the Pk1 gene (36) . Additionally, we noticed that Pk1 is also expressed in cones, which probably functions in a similar way as in rods, however might be regulated by different mechanism from that of rods. It will be of interest to further investigate the differential regulations of Pk1 gene in rods versus cones in future. As complete loss of Pk1 appears to result in early embryonic lethality, future studies employing tissue-specific and conditional gene targeting will be needed to obtain in vivo functional insights into the role of Pk1 in CNS.
Materials and Methods
Histology, in situ hybridization, immunolocalization and Imaging. Procedures for preparation of flat mount retina, light microscopy, in situ hybridization (ISH), and immunohistochemistry (IHC) have been described previously (4, 37) . To generate probes for ISH, c-termini of Pk1 and Pk2 cDNAs were cloned into pBluescript II SK (+) plasmid. RNA probes were synthesized using T3 or T7 RNA polymerase. In some experiments, after completion of color development in ISH using X-phos substrates (37), sections were subjected to blocking with 1X TBST containing 5% goat serum before performing IHC using standard protocols. Frozen, 4%PFA-fixed retina sections were used for IHC staining, whereas brain tissue IHC was performed on 50-100 m thick floating vibratome sections.
Antibodies and dilutions used in this study are as follows: mouse anti-Brn3a, 
qRT-PCR and Immunoblot analysis.
Total RNA and protein extracts was prepared from different stages of mouse retina.
Quantitative qRT-PCR and immunoblot analysis have been described previously (4).
Generation of Pk1 mutant alleles. Pk1 gene-trap mutant strain was generated by NEI Genetic Engineering Core. All procedures involving the use of mice were approved by National Eye Institute Animal Care and Use Committee (ACUC). The knockout strain was engineered similar to the "knocjou-first" (38) . Briefly, a gene-trap construct with a Frt site and En2 gene splicing acceptor sequence (SA) preceding eYFP reporter gene followed by polyadenylation signal, loxP, PGK-neo, Frt and loxP. This gene trap cassette was placed into upstream of Pk1 exon 2 without disruption of its splicing acceptor (Fig. 3) . A third loxP was then placed right after Exon2, which is used for generation of a conditional knockout allele later. The engineered allele was named Pk1 gene-trap allele, which eYFP reporter expression is under the control of endogenous straight knockout carrying eYFP reporter. The Sox2-Cre transgenic line (JAX laboratory) was used to cross with the gene-trap allele.
Southern analysis was used to identify the F1 knock-in Pk1 gene-trap allele using a 5' probe outside of the left arm after XhoI site. XhoI was used for digesting the genomic DNA that was transferred to Amicon nylon membrane for Southern hybridization using  32 P dCTP labeled probes as described (5) . Labeled probes detected 8.8 and 5.9 kb DNA fragments, which corresponded to the wild type and mutant alleles, respectively. CL-pk1-7 (p1) and CL-pk1-8 (p2) primer pair was used to genotype the Pk1 straight knockout allele, giving a 610 bp product. Neo (p3) and CLpk1-6 (p4) pair was used to genotype the Pk1 gene-trap allele, giving a 650 bp product. The hippocampal neuronal culture primarily followed the published protocol (28), with some modifications. Briefly, astrocytes were prepared separately from the mouse cerebral cortex at P0, cultured for 7 days, split into 24-well dishes at 2X10 afterwards. Neurons were continually cultured to day 7. Coverslips with cells were fixed with methanol for IHC.
In vivo electroporation in mouse retina. Retinal electroporation was essentially performed as described (36) . Eyes of P0 CD1 pups (Charles River Laboratories) were injected with DNA constructs containing Pk1 shRNA into the sub-retinal space, followed by in vivo electroporation with BTX EC M830. pUb-GFP plasmids were coinjected and electroporated into mouse retina for tracking the transfection efficiency and to analyze photoreceptor morphology.
Quantification neuronal processes. For cultured neurons, primary dendrites and dendritic branching were quantified. The dendritic branching index is derived from counting the crossing points that a 25um radius circle maximally meets with dendrites when placed outside of primary dendrites of a neuron. The more crossing points are, the more compex of dendritic braching is. Some crossing points with the fine dendritic arborizations in neurons transfected with Pk1 mutant constructs are subjectively ignored for achieving more reliable data (Fig. 6I) . For quantifying the length of inner/outer segments of the photoreceptors, a length index is generated by measuring the inner/outer segments of GFP positive photoreceptors using ImageJ. The length is therefore in pixels, which is not calibrated to the real length. The axon/synaptic terminal index is a ratio of GFP positive dots in the outer plexiform layer normalized to the GFP positive cells times 100. (Fig. 1B) , subplate (Sp) (Fig. 1B, a) , hippocampal dentate gyrus (DG) and Cornu Ammonis (CA) (Fig. 1B, b) . C, Pk1 mRNA is detected in E16. 
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